Gels and Glasses in a Single System: Evidence for an Intricate Free-Energy Landscape of Glassy Materials
Sara Jabbari-Farouji, 1 Gerard H. Wegdam, 1 and Daniel Bonn In the free-energy landscape picture of glassy systems, their slow dynamics is due to a complicated free-energy landscape with many local minima. We show that for a colloidal glassy material multiple paths can be taken through the free-energy landscape. The evolution of the nonergodicity parameter shows two distinct master curves that we identify as gels and glasses. We show that for a range of colloid concentrations, the transition to nonergodicity can occur in either direction (gel or glass), accompanied by ''hesitations'' between the two. Thus, colloidal gels and glasses are merely global free-energy minima in the same free-energy landscape, and the paths leading to these minima can be complicated. The main issue in the study of glasses is that from the point of view of their molecular structure, they closely resemble liquids. On the other hand, their mechanical properties are much closer to those of solids: ordinary window glass, for instance, does not flow on human time scales [1] . To explain the extremely high viscosity of glassy systems, it is commonly accepted that the motion of molecules or particles that constitute the glass are blocked by the neighboring molecules, which in turn are blocked also by their neighbors and so on, making it impossible for the system to flow.
Translated in terms of the free energy of the system, the paradigm for glasses is that of a complicated free-energy landscape, with many local minima of the free energy [2, 3] . The blocking of molecules or particles is then equivalent to saying that they are trapped in a local minimum of the free energy from which they cannot escape. This is most evident in the ''aging'' of such systems [2, 3] : just after a quench into the glassy phase, the system still evolves in the sense that the mechanical properties and the diffusion coefficient change in time. The interpretation of this time evolution is that at early times after its formation, the system is able to access at least part of the phase space, and can get out of local minima by thermal activation. However, as time goes on, the system finds deeper and deeper minima, more difficult to escape from, and consequently the evolution becomes slower. Because of this, the system cannot reach thermodynamic equilibrium: it becomes nonergodic. During this aging, the viscosity increases and the diffusion coefficient of the particles decreases, emphasizing the link between the blocking of the particle motion and absence of flow.
However, although this provides an appealing intuitive picture of glassy dynamics, to our knowledge there is no direct experimental evidence for the existence of such a complicated free-energy landscape with many local minima [4] . In this Letter we are able to provide such evidence by showing that for a soft glassy material multiple paths can be taken through the free-energy landscape that can even lead to different ''final'' nonergodic states at the late stages of aging.
The system we consider is a suspension of anisotropic and charged colloidal particles suspended in water: Laponite, a synthetic clay [5] [6] [7] [8] [9] [10] . The study of colloids allowed for a significant contribution to elucidating the basic physics of glass transition [11, 12] . In colloidal systems, as the particle volume fraction is increased, the particles become increasingly slower and for even higher volume fractions the glass transition is encountered. On the other hand, colloidal gels are known to form at extremely low volume fractions 10 ÿ4 -10 ÿ2 in the presence of strong attractions [13] . Gelation and the glass transition have important similarities. Both are ergodic to nonergodic transitions that are kinetic, rather than thermodynamic in origin, and distinguishing between these two types of nonergodic states experimentally is a long-standing controversy [14] . The experiments reported below provide direct criteria for distinguishing gels from glasses. This allows us to show that for a range of Laponite concentrations, two distinctly different nonergodic states can result at late times: either the glass or the gel forms at late times with roughly equal probability. There is no way to tell beforehand which of the two options will be taken by the sample, suggesting that there are at least two metastable minima in the system. In addition, our results show that the free-energy landscape is indeed complicated, since a number of samples are observed to hesitate between the two options for a long time and an initial evolution in one of the two directions can lead to a final state that is the other one.
The formation of nonergodic states in our system is followed in time using light scattering. For the experiments, we prepare Laponite XLG suspensions in ultrapure water. After stirring for 2 h, we filtered to obtain a reproducible initial state [6] . This instant defines the zero of aging time, t a 0. A standard dynamic light scattering setup measures the time-averaged intensity correlation functions g t q; t hIq; tIq; 0i t =hIq; 0i 2 t , at scattering wave vector q 4n= sin scattering angle. The aging time for which the timeaveraged correlation functions are not equal to their ensemble-averaged values, i.e., their values change from one position to another in the sample, defines the ergodicity-breaking point t eb . For t a > t eb , we calculate the intermediate scattering function fq; t from the timeaveraged intensity correlation function g t q; t and ensemble-averaged intensity I E measured by rotating the sample at different heights [11] .
fq;t 1 I t =I E fg t q;t ÿg t q;0 1 1=2 ÿ 1g: (1) Figure 1 shows the intermediate scattering functions fq; t for two different samples. Although there is a large difference in the typical waiting times (days for the lowconcentration sample and minutes for the highconcentration sample), the correlation functions evolve from an ergodic state to a nonergodic state: they no longer decay to zero for late times. However, low-and highconcentration samples are seen to behave in a distinctly different manner.
In the nonergodic regime, the aging rate of the system can be quantified by measuring the time evolution of the nonergodicity parameter fq; 1; t a limfq; t ! 1; t a [11] . Here, the long time limit t ! 1 is taken with respect to the Brownian time scale B 2R 2 =6D 0 10 ÿ5 s, i.e., t B . We find that the evolution of the nonergodicity parameter collapses onto two distinct master curves when plotted as a function of reduced aging time (t a =t eb ÿ 1) [ Fig. 2(a) ] [15] . In the first group of samples (low concentrations) the nonergodicity parameter almost reaches unity: the colloidal particles are completely blocked, suggesting that they are rigidly held in place, as they would be in a gellike structure. In the second group (high concentrations), the nonergodicity parameter evolves at a slower rate and goes to 0:8 at late times, indicating that there is still some freedom for the particles to move: the hindrance of the particles is only sterical, as it would be in a glass. Measuring the nonergodicity parameter for a couple of glassy samples until t a =t eb 15, we found that fq; 1 never exceeds 0.835.
Perhaps the most striking observation is that for intermediate concentrations 1:3 < C < 2:3 wt %, identical samples may evolve at very different rates, thus having a very different ergodicity-breaking point. We would like to emphasize that these results are not dependent on the sample preparation. To investigate the effect of sample preparation, we prepared a large number of Laponite samples (of the order of 100) with different concentrations in large amounts. Part of each sample was placed in a cuvette for light scattering experiments and part of it was kept in a bottle. The samples in the cuvettes and bottles prepared in exactly the same way could either age at the same rate or differently; i.e., the sample in the cuvette could become solidlike while the one in bottle remained liquid or vice versa.
The difference between the two states becomes clear if we look at the rest of the data. Before ergodicity breaking, as can be observed from the fits shown in Fig. 1 , both the low-and the high-concentration samples can be described by a sum of a single exponential and stretched exponential A expÿt= 1 1 ÿ A expÿt= 2 [7, 8] . 1 is related to the inverse of the short-time diffusion 1 1=D s q 2 (Fig. 3) . D s is almost a constant for the samples of high concentration (C > 2:3 wt %); this corresponds to the ''rattling in the cage'' motion reported earlier for colloidal glasses [7] . However, D s decreases significantly with aging time for low concentrations (C < 1:4 wt %) which is again related to the incorporation of the colloidal particles in a gel network. In addition, the slow relaxation time 2 grows exponentially with aging time for high concentrations, in agreement with earlier observations for the glassy state [7, 8] . However, for the gel phase, the relaxation time increases faster than exponentially; this is likely to be related to the formation of small clusters in the beginning that subsequently aggregate to form a macroscopic structure (with a large relaxation time) [8, 9] . To disentangle the effect of short-time from long-time relaxation, in Fig. 4(a) we have plotted the ratio 2 = 1 .
The measured static structure factor Fig. 5 provides two further pieces of evidence for structure formation. First, for all the low-concentration samples, the scattered intensity consistently increases with aging time, while for the highconcentration ones it does not evolve much; see Fig. 5(a) . The increase of scattered light intensity is usually attributed to formation of a network or clusters of particles [13] . Second, although the range of wave vectors is rather limited, measurement of the static structure factor Sq for the different samples, a power law behavior for Sq appears to be observed for the lowest concentration samples with an exponent 1:1 0:2, a characteristic of a stringlike cluster. To the contrary, an almost flat structure factor is found for the highest concentrations, indicating homogeneity, Fig. 5(b) , very characteristic of a glass [6] . The noise at low q for these measurements is probably due to imperfections of the measurement cell that scatter light at small angles.
Combining all these data, we identify the lowconcentration samples as colloidal gels and the highconcentration ones as colloidal glasses. Intermediate concentrations can be either gels or glasses at late times, with no way of telling beforehand how the sample is going to evolve. That the path towards these nonergodic states is complicated follows from the observation that samples may ''hesitate'' for a long time between the two states, and may evolve in one direction to end up in the other. In Fig. 4 some of the ''hesitating'' samples are shown. It clearly shows how a few samples in the intermediate concentration region that behaved consistently like glassy samples before the ergodicity-breaking point end up as gels at late times. Perhaps even more surprisingly, Fig. 4(b) shows that even if one looks at a single observable such as the nonergodicity parameter, a crossover between the two behaviors can be observed; this is most evident in the data for 1.9 wt %. The data shown in the figure are mere examples; approximately 20% of the samples in the intermediate concentration region behaved in an ambiguous way in the sense that they seemed to have a hard time to ''decide'' whether they were glasses or gels.
The nature of the nonergodic state in Laponite suspensions has been the subject of considerable controversy: both colloidal gel [5, 9] and colloidal glass formation FIG. 3 . The evolution of short-time translational diffusion normalized to its initial value (t a 0) as a function of t a =t eb .
FIG. 4. (a)
The ratio 2 = 1 and (b) nonergodicity parameter as a function of scaled aging time t a =t eb . These samples behave like a glass at the early stages of aging and after t a =t eb 1:2 they evolve as gels. The full lines show the glassy and dotted lines show the gel line, obtained by averaging over all the samples measured. [6, 10] have been invoked and were thought to be mutually exclusive [6, 9] . We here provided clear experimental evidence for how the distinction of gel and glassy states can be made [16] . This allows for the observation that for intermediate concentrations, the transition to nonergodicity can occur in either direction (gel or glass), and may be accompanied by ''hesitations'' between the two directions. A qualitative explanation for this behavior is provided by the free-energy landscape picture.
For Laponite our data suggest that there are at least two metastable minima in the free energy corresponding to gel and glass states, and that different pathways towards these nonequilibrium states exist. Further evidence comes from the distribution of relaxation times obtained from the correlation functions of gel-like and glassy samples, assuming that the correlation function is a superposition of exponential modes fq; t R max min expÿt=Gd. As can be seen from the insets in Fig. 1 , the distribution function of relaxation times has a completely different form for gels and glassy samples. The gels show a broad spectrum of relaxation times, whereas for the glasses there is a distinction between short-and long-time diffusive behavior. With increasing aging time, the distributions become wider and the average relaxation time grows for both types of samples. The relaxation time of the system is usually assumed to be proportional to exponential of the corresponding energy barrier [17] . Therefore, the different distribution of relaxation times corresponds to different distribution of energy barriers for gels and glasses, thus providing another piece of evidence for the existence of a complicated free-energy landscape.
This should be general for colloidal systems with attractive interactions between the particles; indeed the recent discovery of ''attractive glasses'' for spherical colloids [12] also suggests that gels and glasses are not necessarily clearly distinct states of matter, but rather metastable minima in an otherwise complicated free-energy landscape, resulting from both steric and attractive interactions, as also suggested by some simulations [18] . 
